Neuroimaging studies of individuals with cocaine addiction and of non-human primate models of cocaine addic tion suggest that the persistence of vulnera bility to relapse, even after a long period of abstinence, is associated with drug-induced alterations in neuronal activity and structure in the limbic and frontal cortical circuitry; however, little is known about the underlying cellular mechanisms or the extent to which such adaptations may change as abstinence progresses [1] [2] [3] . Rodent models of cocaine addiction provide a way to characterize such adaptations in greater detail, as the time course of drug-induced effects can be determined by comparing multiple experimental groups that have defined experiences of the drug and defined durations of abstinence. Furthermore, rodent models offer the ability to study plasticity during abstinence at many levels, including neural circuits, synaptic transmission and molecular changes. Most importantly, rodent models that involve cocaine self-administration, the 'gold standard' in the field, provide a way to assess relationships between cocaine-induced neuroadaptations and the level of cocaine craving.
In this Review, I discuss rodent studies of cocaine craving during abstinence, many of which have focused on the progressive intensification (incubation) of cue-induced cocaine craving that occurs as the duration of abstinence increases. I describe adaptations that occur in crucial regions of the reward circuitry during this process (FIG. 1) , focusing on changes in synaptic transmission. The nucleus accumbens (NAc) is emphasized because many pathways that regulate motivated behaviour converge on this structure. In most of the studies considered here, analysis was carried out at the level of particular brain regions or major phenotypically defined cell types. I note, however, that there is growing evidence that small, functionally linked subsets of neurons in a particular region -neuronal ensembles -contribute to behavioural changes in animal models of addiction 4 .
Rodent models of cue-induced craving Rodent models of cocaine addiction are diverse 5 . In some models, cocaine is administered by the experimenter (termed non-contingent drug administration). These models do not enable assessment of drug craving, although they do provide other information. For example, the cocaine-conditioned place preference paradigm measures the rewarding effects of cocaine, whereas behavioural sensitization can provide insight into enduring effects of the drug that are related to locomotor activation and incentive motivation.
By contrast, studies of drug self-administration (that is, those that involve contingent drug administration) enable the measurement of voluntary drug taking and drug seeking, from which the degree of drug craving can be inferred. In such studies, rodents are trained to perform an operant response (such as poking their nose in a hole or pressing a lever) to receive an intravenous infusion of cocaine. Training continues until the behaviour is well established (the criteria for this vary in different studies). After the behaviour is established, extinction training may be performed to reduce drug seeking so that the tendency of the animal to relapse can be studied using a reinstatement test. This approach has provided a wealth of information about relapse mechanisms and potential therapeutic agents 6 . However, it is not well suited to understanding the plasticity that maintains cocaine craving during long periods of abstinence, because extinction training itself induces plasticity in the reward circuitry Nature Reviews | Neuroscience 
Non-contingent drug administration
A type of drug administration regimen whereby the drug is administered by the experimenter to a laboratory animal.
Drug craving
An affective state in humans that may lead to drug taking. In rodents, craving is inferred from the observed drug-seeking operant response.
Drug self-administration
An experimental paradigm during which animals are trained to perform an operant response (such as a lever press or nose poke) to receive an intravenous drug infusion that is often paired with a discrete cue (such as a tone or light) or a specific context.
Contingent drug administration
A type of drug administration regimen whereby a laboratory animal performs an operant response to obtain the drug.
Drug seeking
Behaviour that is assessed, after drug self-administration regimens in laboratory animals, by measuring the number of operant responses performed by an animal under conditions in which the operant responses (that previously delivered the drug) are no longer drug reinforced.
Extinction training
A procedure carried out after stable drug self-administration is established that leads to cessation of drug seeking. During the procedure, animals undergo repeated sessions during which the operant response no longer results in drug delivery.
Reinstatement test
An experimental procedure that is designed to model relapse in laboratory animals. It is performed after a drug self-administration regimen and a period of extinction training. During the reinstatement test, exposure to a drug-associated cue or context, a stressor or non-contingent drug injection leads to resumption of drug seeking. abstinence 8 . Furthermore, most humans with cocaine addiction do not undergo extinction training as part of their treatment.
An alternative approach to studying relapse, introduced many years ago but recently gaining prominence, is to measure drug seeking after days to months of abstinence from drug self-administration, without an intervening period of extinction training
. In such studies, rodents learn to perform an operant response to receive a drug infusion paired with a discrete cue such as a tone or light. After different periods of abstinence, the animals undergo a seeking test, during which the previously learned operant response now delivers the discrete cue but no cocaine infusion. Responding under these conditions provides a measure of cue-induced drug seeking or craving (these terms are used interchangeably in this Review when describing rodent models). As the duration of abstinence increases, the level of responding displayed by the animals during such tests follows an inverted U-shaped trajectory. The rising phase is termed the incubation of drug craving. This phenomenon has been observed during forced abstinence from self-administration of many drugs of abuse (cocaine, methamphetamine, heroin, nicotine and alcohol) [9] [10] [11] [12] . The motivational impact of drug-associated cues seems to be strengthened as incubation occurs. Interestingly, there may be links between incubation of craving and other behavioural characteristics related to addiction. Thus, rats that are predisposed to risky decision making exhibit more robust incubation of cocaine craving 13 , whereas rats that have undergone incubation are less sensitive to punishment-induced suppression of cocaine taking, indicating that cocaine taking has become compulsive in these animals 14 . The incubation model mimics some common scenarios experienced by humans with addiction, and indeed the incubation of craving has been demonstrated in humans
. Furthermore, this model has been used in most mechanistic studies of cocaine seeking during abstinence.
The time course of incubation of craving in rodents and its underlying neuronal mechanisms vary for different drugs of abuse 12, 15 . For cocaine, cue-induced craving increases progressively over the first month of forced abstinence, then plateaus and ultimately returns towards baseline levels; however, after 6 months, cue-induced craving remains higher than during the first days of withdrawal 11 . This persistence is remarkable considering that rats live for only 2-3 years. In adult rats, incubation of cue-induced cocaine craving is most robust after In rats, glutamate inputs to medium spiny neurons (MSNs) of the nucleus accumbens (NAc) influence the behavioural response to rewards and the cues that predict them. MSNs receive convergent inputs from multiple brain regions, and these inputs interact synaptically 61, 62 . Inputs from the medial prefrontal cortex (mPFC) provide executive control (which is important for behavioural flexibility, response inhibition and salience attribution), basolateral amygdala (BLA) inputs relay conditioned associations and affective drive, inputs from the hippocampus (Hipp) supply spatial and contextual information, and thalamic inputs presumably convey information about arousal and direct attention to behaviourally significant events. The central nucleus of the amygdala (CeA) does not project directly to the NAc, but the CeA (and BLA) can influence the NAc and other regions indirectly through connections with the midbrain (not shown), as well as through other routes
. Note that different anatomical substrates underlie incubation of cue-induced cocaine craving versus reinstatement of drug seeking after extinction or even cocaine seeking on return to the drug self-administration context 60, 159 . Furthermore, differences exist between the neuronal pathways implicated in incubation of craving for cocaine versus other drugs of abuse 12, 15 . Grey boxes list mechanisms or functional consequences associated with incubation. BDNF, brain-derived neurotrophic factor; CP-AMPARs, Ca 2+ -permeable AMPA receptors; DLS, dorsolateral striatum; GDNF, glial cell line-derived neurotrophic factor; IL, infralimbic; LTP, long-term potentiation; PL, prelimbic; SN, substantia nigra; VTA, ventral tegmental area.
Seeking test
An experimental procedure to assess drug craving and relapse in laboratory animals during abstinence from drug self-administration regimens (but without a period of extinction training). During a cue-induced seeking test, operant responses lead to presentation of the discrete cue that was previously paired with drug infusions but do not cause delivery of the drug.
Extended-access cocaine self-administration
Regimens that use longer daily sessions of self-administration (for example, 6 hours per session for 10-20 days) or shorter daily sessions (for example, 2 hours) for 1-2 months. Such regimens produce behavioural changes that are thought to model compulsive drug seeking in addicts.
extended-access cocaine self-administration
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, and such regimens are therefore best suited to studying this phenomenon, although incubation of craving can also be observed after limited-access cocaine self-administration (for examples, see REFS 11, 16) . Notably, few studies on the incubation of cocaine craving have used female rodents [17] [18] [19] , although there is evidence of greater persistence of incubation in females 17 .
Nucleus accumbens
The majority (90-95%) of neurons in the NAc are GABAergic projection neurons known as medium spiny neurons (MSNs). They receive and integrate convergent glutamate inputs from cortical and limbic regions that are important for generating and regulating motivated behaviours, and they project to motor-related regions that enable the execution of these behaviours 20, 21 (FIG. 1) . Through this connectivity, MSNs play a crucial part in translating motivation into action 21, 22 . The NAc consists of core and shell subregions that show differences in structure, function and connectivity 20, 23 . MSNs in both subregions of the NAc, as well as in the adjacent dorsal striatum, can also be distinguished based on whether they express D1 dopamine receptors (D1Rs) or D2Rs, and this distinction is related to their connectivity and their responses to cocaine
.
Activation of NAc core neurons during incubation.
In rodents, the incubation of cocaine craving is associated with altered firing of NAc core neurons that encode cocaine-related information, that is, neurons that change their firing pattern within seconds of responding for cocaine or during the presentation of cues that were previously paired with cocaine 16, 24, 25 . Relative to withdrawal day 1 (WD1; that is, 1 day after discontinuing cocaine self-administration), on WD30 there was an increase in the number of neurons in the NAc core (but not in the shell) responding during the resumption of cocaine self-administration, as well as an increase in the strength of their response 16 . Subsequently, it was shown that there was an increase in the number of NAc core neurons responding to the presentation of cocaine cues, and the strength of those responses, on WD30 compared with WD1 (REF. 24 ). Another study compared NAc neuronal firing during three periods: an extended-access cocaine self-administration regimen that leads to the escalation of cocaine intake (which mimics the tendency of human cocaine users to increase drug intake over time); subsequent abstinence (when incubation of cocaine craving occurred); and the post-abstinence re-establishment of cocaine taking and re-escalation of cocaine intake 25 . It was found that the NAc core was selectively involved in incubation of drug seeking, whereas the shell was selectively involved in escalation of drug taking. Specifically, the proportion of NAc core neurons that responded phasically to drug -reinforced lever presses or to cocaine cues did not change during drug self-administration, even when drug taking escalated, but increased during abstinence and remained increased, even after drug taking was re -established and then escalated. The magnitude of incubation correlated with the increase in the number of NAc core neurons that encoded cocaine-seeking responses 25 . By contrast, escalation of cocaine intake correlated with a decrease in firing of NAc shell neurons; firing of these neurons normal ized during abstinence, but decreased again during re-escalation. Interestingly, these changes occurred exclusively in neurons of the NAc shell that did not code for cocaine-related information 25 . Together, these results show that incubation of cocaine craving is accompanied by increased recruitment of NAc core neurons that fire in a manner that is time-locked to cue-induced cocaine-seeking 16, 24, 25 . A probable cellular underpinning of this is the strengthening of excitatory synapses on MSNs in the NAc core owing to synaptic incorporation of high-conductance Ca 2+ -permeable AMPA receptors (CP-AMPARs), as discussed in the next section. MSN recruitment could also be facilitated by an increase in their intrinsic membrane excitability, which would promote action potential firing. Supporting this, NAc core MSNs show increased intrinsic excitability shortly after non-contingent cocaine administration is discontinued 26 ; however, their excitability has not been assessed after extended-access cocaine self-administration and abstinence
. It has been proposed that increased intrinsic excitability in the NAc core may lead to increased excitatory synaptic strength 23 ; therefore, these candidate mechanisms are not mutually exclusive.
Box 1 | Incubation of craving in rodent models and correlates in humans
Incubation of drug craving during forced abstinence has been observed in rodents after self-administration of cocaine, methamphetamine, heroin, nicotine, ethanol and sucrose 11, 12 . This model is relevant to situations in humans in which drug taking is prevented by incarceration or hospitalization 131 , based on clinical studies that have demonstrated incubation of cue-induced craving during forced abstinence in humans addicted to nicotine 132 , methamphetamine 133 and alcohol 134 (other drugs have yet to be studied in this context in humans). Findings from studies using two new rodent models suggest that incubation may also occur when humans forgo drug use to avoid punishment or with the help of support systems that offer alternative sources of reinforcement.
The first of these rodent models -a punishment-induced abstinence modelevolved from efforts to model compulsive drug use in rats through a number of measures, including assessing their response to punishment 135 . In such studies, rats undergo an extensive period of drug self-administration training (the duration of which typically ranges from 3 weeks to 3 months) before entering a second phase during which operant responses are intermittently paired with a footshock. After limited-access cocaine self-administration, intermittent punishment or a punishment-associated cue can suppress cocaine seeking and taking. After extended-access cocaine self-administration, some rats exhibit resistance to punishment, as well as other behavioural changes that are indicative of compulsive cocaine seeking. This 'addicted phenotype' is evident in the first days after punishment training and has been demonstrated 30 days later, suggesting that these behavioural changes contribute to persistent vulnerability to relapse 121 . If shock intensity is increased, even rats that have undergone extended-access self-administration will cease operant responding: that is, their resistance to punishment is overcome. This effect has been exploited to produce a period of punishment-induced abstinence during which incubation of cue-induced methamphetamine seeking can be demonstrated 136 . Interestingly, after incubation of craving in a typical forced abstinence model, rats are less sensitive to punishment-induced suppression of cocaine taking 14 .
In the second new model -a 'voluntary abstinence' model -rats learn to self-administer the drug in the presence of one set of discrete cues, and to self-administer palatable food in the presence of different cues. This is followed by discrete choice sessions in which they must choose one option or the other. Rats choose food in the vast majority of sessions, resulting in a period of voluntary abstinence, during which incubation of methamphetamine craving can be demonstrated 120 .
Limited-access cocaine self-administration
Regimens during which cocaine is available for 1-2 hours per session for 1-2 weeks; these regimens are not thought to model compulsive drug seeking in addicts. NAc core CP-AMPARs mediate incubated craving. Ca 2+ -impermeable AMPA receptors (CI-AMPARs) containing the GluA2 subunit are responsible for 90-95% of the evoked excitatory postsynaptic current (EPSC) in the NAc core of adult drug-naive rats and in rats during the first 2-3 weeks of abstinence from extended-access cocaine self-administration. However, by WD35, a marked increase in synaptic levels of CP-AMPARs occurrs that then persists until at least WD90 (REFS 27, 28) . These receptors are primarily homomers of GluA1 subunits 27 , although a role for other types of CP-AMPARs cannot be ruled out (see REF. 29 and Supplementary information S1 (box)). The discovery that CP-AMPAR levels increase after incubation of craving was initially surprising because all prior studies of adult rats subjected to non -contingent cocaine exposure and 2-3 weeks of withdrawal had shown upregulation of CI-AMPARs in the NAc core (see Supplementary information S2 (table)). A comprehensive summary of studies on AMPAR levels and subtypes in the NAc after cocaine self-administration is provided in Supplementary information S3 (table) .
Withdrawal day (WD)
After CP-AMPAR levels in the NAc core are increased following incubation, the responsiveness of MSNs to glutamate drive is strengthened 30 (presumably owing to the higher conductance of CP-AMPARs compared with CI-AMPARs), and blocking CP-AMPARs 27 or removing them from NAc core synapses 31 reduces the incubated portion of cue-induced cocaine seeking in rats. These results indicate that synaptic incorporation of CP-AMPARs enhances MSN activation in response to glutamate released by cocaine-paired cues and thereby augments the drug seeking response (FIG. 2) . Activation of the central nucleus of the amygdala (CeA) and ventral medial prefrontal cortex (mPFC) is also required for the expression of incubated cocaine seeking after 3-4 weeks of abstinence 32, 33 . Thus, coordinated transmission within the reward circuitry is required for the expression of incubation after prolonged abstinence, with strengthened AMPAR transmission in the NAc core playing a crucial part in translating motivational signals into strengthened motor output. At earlier withdrawal times, incubation must depend on other mechanisms and brain regions
In addition to strengthening excitatory drive to NAc MSNs, increased synaptic levels of CP-AMPARs may change the requirements for the induction of plasticity in the NAc, as has been described previously in the ventral tegmental area (VTA) of cocaine-exposed rats 34 . At synapses where CP-AMPARs mediate excitatory transmission, an unusual form of long-term potentiation (LTP) is observed that depends on Ca 2+ entry through CP-AMPARs and is independent of NMDA receptors (NMDARs); its induction requirements are the opposite to those of Hebbian NMDAR-dependent LTP 35 . Such an alteration in plasticity mechanisms in the NAc has the potential to affect future learning about natural rewards, as well as drugs of abuse. Plasticity might be further altered by changes in NMDAR transmission in the NAc of rats after incubation of cocaine craving 36 (see Supplementary information S1 (box)).
Multiple mechanisms regulate CP-AMPAR accumulation in the NAc core during incubation (see Supplementary information S1 (box)). As in other brain regions 37, 38 , activation of metabotropic glutamate receptor 1 (mGluR1) negatively regulates CP-AMPAR levels in synapses in the NAc core 39 . A reduction in this negative regulation, owing
Box 2 | Cocaine-induced adaptations in D1R MSNs compared with D2R MSNs
In the dorsal striatum, D1 dopamine receptor (D1R)-expressing medium spiny neurons (MSNs) project directly to basal ganglia output nuclei, whereas D2R-expressing MSNs do so indirectly; these projections are termed the direct and indirect pathways, respectively 137 . In the nucleus accumbens (NAc), however, D1R-and D2R-expressing NAc projections should not be equated with direct and indirect pathways. Although D1R-expressing NAc MSNs project to output nuclei (the substantia nigra and ventral tegmental area), both D1R-and D2R-expressing NAc MSNs project to the ventral pallidum, which serves as both a relay station and an output nucleus 138 . Putting aside the issue of terminology, it is clear that some cocaine regimens differentially affect D1R-and D2R-expressing NAc MSNs and that the disruption of the normal balance of activity between the two types of neurons contributes to cocaine-induced behavioural changes 139 . However, in the case of extended-access cocaine regimens leading to incubation of cocaine craving, the available evidence indicates similar plasticity in D1R-and D2R-expressing MSNs in the NAc core 28 , the region most closely linked to expression of incubation 16, 24, 25, 27, 31 , as well as in the dorsal striatum 71 . An important example is the increase in Ca 2+ -permeable AMPA receptor (CP-AMPAR) levels that is observed in all MSNs in the NAc core after extended-access cocaine self-administration and >1 month of abstinence 28 . I speculate that the duration of abstinence influences the degree of selectivity of effects on D1R-and D2R-expressing MSNs. During cocaine exposure and early abstinence, when MSNs are responding to the major pharmacological effect of cocaine -that is, the increase in dopamine levels -it is to be expected that D1R-and D2R-expressing MSNs will respond differently to the drug owing to the different receptors that they express. By contrast, increased CP-AMPAR expression occurs weeks after the last cocaine exposure. During this period, it is likely that a cascade of events involving multiple brain regions ultimately influences the activity of glutamate afferents to NAc core MSNs. As these afferents do not selectively innervate D1R-or D2R-expressing MSNs, glutamate receptors on both MSN populations may experience similarly altered activity and therefore undergo similar activity-dependent plasticity. Interestingly, however, the incubation regimen that resulted in the upregulation of CP-AMPARs in all NAc core MSNs did so in only a portion of NAc shell MSNs 51 . Although this might reflect differences between D1R-and D2R-expressing shell MSNs 55 , a recent study found that a high-dose cocaine regimen leading to incubation of cocaine craving increased CP-AMPAR levels in D1R-expressing shell MSNs (postsynaptic to medial prefrontal cortex inputs) and D2R-expressing MSNs (postsynaptic to basolateral amygdala inputs) 19 . These results add a new wrinkle to evidence for pathway-specific plasticity in the NAc shell during abstinence [53] [54] [55] .
to a time-dependent decrease in mGluR1 expression at the cell surface, precedes and enables CP-AMPAR accumulation and incubation of cocaine craving, although pharmacological stimulation of the remaining mGluR1 receptors is sufficient to reduce CP-AMPAR levels and thereby reduce cocaine craving 31 (FIG. 2) . Simultaneously, increased GluA1 phosphorylation may promote synaptic insertion of homomeric GluA1 CP-AMPARs 40 . Interestingly, the mGluR5-and cannabinoid receptor 1 (CB1R)-dependent form of group I mGluR-mediated synaptic depression that is normally expressed by MSNs is dis abled in the NAc after incubation of cocaine craving 39 , as has also been observed after some other types of cocaine exposure (for example, see REF. 41 ; also see REF. 28 and Supplementary information S1 (box)). Notably, the maintenance of both increased CP-AMPAR levels and altered group I mGluR-mediated plasticity after incubation of craving depends on ongoing protein translation in the NAc 42 . Thus, incubation may share features with certain disorders of the nervous system that involve long-term dysregulation of protein translation 43, 44 . There have been other reports of altered LTP or long-term depression (LTD) during abstinence from cocaine self-administration (for examples, see REFS 45, 46;  see REF. 28 for a review), but the relationship of such alterations to cocaine seeking during abstinence or its incubation is unclear. Finally, brain-derived neurotrophic factor (BDNF) trans mission in the NAc was originally considered to be a strong candidate for mediating incubation 47 and CP-AMPAR ele vation 48 , but recent work has demonstrated a relatively subtle role for BDNF that varies with NAc subregion and withdrawal time and does not seem to involve CP-AMPAR regulation 49, 50 .
In adult rats, all MSNs of the NAc core exhibit increased CP-AMPAR levels after a month or more of abstinence from extended-access cocaine selfadministration 28, 51 . This global plasticity might be expected to increase responses to all types of information processed by core MSNs, but instead it has been found that abstinence selectively alters responses to certain types of cocaine experiences 16, 24, 25, 52 . This can be explained by recalling that the detection, by whole-cell patch-clamp recording, of increased CP-AMPAR levels in an MSN merely establishes that CP-AMPARs have been added somewhere in its dendritic tree. We hypothesize that CP-AMPAR insertion into only specific subsets of synapses could explain behavioural selectivity, because only certain afferents to the MSN -conveying specific types of information -would evoke a strengthened response. In fact, it is becoming clear from optogenetic studies that AMPARs on MSNs undergo distinct types of cocaine abstinence-related plasticity depending on whether they are postsynaptic to glutamate inputs originating from the mPFC, basolateral amygdala (BLA) or ventral hippocampus (VH) [53] [54] [55] . It should be noted that this hypothesis still leaves a conceptual gap between the widespread AMPAR plasticity that is observed during incubation and evidence from other animal models that cocaine-related behaviours can be disrupted by inactivating neuronal ensembles that constitute only a small percentage of NAc neurons 4 . CP-AMPARs are also added to NAc shell MSNs after prolonged abstinence from cocaine selfadministration 19, 51, [53] [54] [55] [56] , although more heterogeneity is apparent in the NAc shell; for example, a regimen that Early neuroimaging studies in humans found that rates of cerebral metabolism in the frontal cortex of chronic cocaine users were significantly decreased under baseline conditions, and that this decrease persisted for 3-4 months of abstinence. Other studies of such individuals found decreased performance on behavioural tasks that require activity in the prefrontal cortex (PFC), as well as deficits in its structural integrity. When cocaine cues were presented, however, chronic cocaine users exhibited heightened activation in the PFC that correlated with craving. Together, these alterations in PFC function may contribute to hallmarks of addiction: namely, impaired inhibitory control over behaviour and heightened attribution of salience to the drug and drug cues compared with non-drug reinforcers 2, 140 . Subsequent neuroimaging studies in monkeys defined the spatial and temporal progression of the effects of cocaine on resting metabolic activity in the forebrain 141, 142 . After five sessions of cocaine self-administration, cocaine-induced hypoactivity was observed in the ventromedial PFC and ventral striatum (including the nucleus accumbens (NAc)). After 100 sessions, the area of hypoactivity expanded to include additional cortical and striatal regions as well as other areas that were not previously affected (such as the amygdala, hippocampus, and temporal and parietal cortices). Decreased activity in the NAc and dorsal striatum persisted after 1 month of abstinence (other regions were not studied) 143 .
As discussed in the main text, in rodents the medial PFC (mPFC), NAc and central nucleus of the amygdala (CeA) all show increased responsiveness to cocaine cues after prolonged abstinence. A study of basal cerebral blood flow in rats on withdrawal day 10 (WD10) after 33 sessions of extended-access cocaine self-administration found that there were decreases in baseline activity in the NAc core, the mPFC and other regions 144 . Together, these findings suggest that increased cue reactivity may occur against a background of depressed resting activity, as demonstrated for humans. Electrophysiological assessments of baseline activity and excitability have also been performed. Depressed baseline activity and excitability have been found in the mPFC of rats shortly after discontinuing non-contingent or self-administered cocaine [145] [146] [147] , and one study has linked decreased excitability to cocaine seeking under punishment contingencies 82 . Electrophysiological studies in the NAc have provided mixed results, probably owing to variability in cocaine regimens. In the NAc, intrinsic excitability is decreased in the shell and increased in the core on WD1-WD3 after non-contingent cocaine exposure 23, 26, 148 . Decreased excitability in the NAc shell persisted on WD21 after non-contingent but not self-administered cocaine; the core was not examined in this study 149 . After prolonged abstinence from extended-access cocaine self-administration, a subpopulation of CeA neurons showed increased intrinsic excitability 93 . Additional studies comparing multiple brain regions after the same regimen 144 would help to further define abstinence-related plasticity at the circuit level. 
. Most results indicate a correlation between CP-AMPAR expression in the NAc shell and stronger cue-induced cocaine seeking 53, 56 , although this depends on the input pathway 54 .
Specific glutamate inputs to NAc MSNs. Optogenetic studies have helped to elucidate the relationship between plasticity and behaviour by showing that abstinence from cocaine self-administration differentially affects specific glutamate pathways into the NAc. Three gluta matergic pathways that project to the NAc (running from the -permeable AMPA receptor (CP-AMPAR) levels increase markedly, and activation of these receptors is required for the expression of incubated cocaine seeking 27, 31 . We propose that this reflects the ability of high-conductance CP-AMPARs to augment the responsiveness of medium spiny neurons (MSNs) to glutamate drive 30 , enabling MSNs to respond more robustly when a cocaine cue is presented. Some CP-AMPARs are inserted into previously silent synapses 53, 54 . b | Group I metabotropic glutamate receptor (mGluR)-mediated synaptic depression is altered in the NAc core of rats that show incubation of cocaine craving. In control rats, this synaptic depression depends on mGluR5 stimulation, endocannabinoid (eCB) formation and activation of presynaptic cannabinoid receptor 1 (CB1R). After prolonged withdrawal and incubation of craving, this mechanism is disabled 39 and an mGluR1-mediated synaptic depression is observed that is expressed postsynaptically by CP-AMPAR removal coupled to their replacement with lower conductance CI-AMPARs 31, 39 . By eliciting this mGluR1-mediated synaptic depression, systemic or intra-NAc administration of mGluR1 positive allosteric modulators (PAMs) can reduce incubated cue-induced cocaine seeking 31 . Similarly, mGluR1 activation removes CP-AMPARs from synapses in the ventral tegmental area of cocaine-exposed animals 56, 97, 98 (see Supplementary information S1 (box)). Although mGluR1-mediated synaptic depression is most obvious when CP-AMPAR levels are high, we speculate that it operates at a low level under normal conditions and that loss of mGluR1 tone during abstinence helps to account for CP-AMPAR accumulation. Supporting this notion, decreased mGluR1 surface expression in the NAc core precedes and enables CP-AMPAR accumulation and incubation of craving 31 . CI-AMPAR, Ca 2+ -impermeable AMPA receptor; EPSC, excitatory postsynaptic current; LTD, long-term depression. prelimbic mPFC (PL) to the NAc core, from the infralimbic mPFC (IL) to the NAc shell, and from the BLA to the NAc shell) undergo silent synapse formation after cocaine self-administration (as identified on WD1), followed by un-silencing through AMPAR incorporation during withdrawal (as identified on WD45) 53, 54 . However, in the BLA-NAc shell and IL-NAc shell pathways, un-silencing is mediated by CP-AMPAR insertion, whereas in the PL-NAc core pathway un-silencing is mediated by CI-AMPAR insertion. The removal of newly inserted CP-AMPARs through optogenetic induction of LTD in the BLA-NAc shell pathway inhibited cocaine seeking on WD45 (REF. 53 ), suggesting that un-silencing promotes incubation. Using the same optogenetic LTD strategy, it was demonstrated that un-silencing of the PL-NAc core pathway also promotes incubation, whereas un-silencing of the IL-NAc shell pathway curbs incubation 54 , consistent with some results suggesting opposing effects of these mPFC subregions in other animal models of relapse (see below). Importantly, however, although the silent synapse studies show that plasticity occurs between WD1 and WD45, they do not enable conclusions to be drawn about whether synaptic strength was altered on WD45 compared with the pre-cocaine baseline.
These and other results led Dong and Nestler 57 to propose a neural rejuvenation hypothesis of addiction stating that cocaine-induced plasticity recapitulates events that are typically associated with development, including silent synapse formation and un-silencing. A similar hypothesis, focusing on glutamate receptor composition instead of silent synapses, has been suggested regarding cocaineinduced plasticity in the VTA 58 . An open question is how silent synapses form during withdrawal from cocaine -through the 'birth' of new NMDAR-only synapses or through the silencing of existing synapses as a result of AMPAR loss?
Investigation has begun into whether there is differential plasticity in D1R versus D2R MSNs during cocaine abstinence. After 1 month of withdrawal from a limited-access regimen, no plasticity was found in glutamate pathways terminating on D2R MSNs of the NAc shell, whereas varied plasticity was observed in pathways terminating on D1R MSNs: there was an increase in CP-AMPAR levels postsynaptic to IL inputs, an increase in the AMPA/NMDA ratio (but no evidence of increases in the levels of CP-AMPARs) postsynaptic to VH inputs, and no alteration postsynaptic to BLA inputs 55 . An optogenetic LTD protocol that normalized both the VH-D1R MSN shell pathway and the IL-D1R MSN shell pathway reduced cue-induced cocaine seeking to the level observed in saline controls, an effect that persisted after 1 week. Selective normalization of the VH-D1R MSN shell pathway or the IL-D1R MSN shell pathway produced a smaller reduction in cocaine seeking and impaired response discrimination, respectively 55 . Several points must be kept in mind when interpreting these results. First, the role of D2R MSNs in the cocaine seeking observed in this study remains to be determined because, although no cocaine-induced plasticity was observed for D2R MSNs, the optogenetic LTD protocols used to reverse the strengthening of pathways to D1R MSNs (and thereby assess its behavioural importance) also reduced synaptic strength on D2R MSNs. Second, the effect of this cocaine regimen might be quite different in the NAc core
. Last, this study used a limited-access cocaine regimen that was not shown to elicit incubation of craving 55 . The experimental results may therefore reflect a transitional state that, if cocaine exposure had been more robust or abstinence more protracted, would have led to different AMPAR plasticity and affected a wider population of MSNs, including D2R MSNs. Supporting this, the use of a higher dose of cocaine (which led to incubation
Box 4 | Timeline of the involvement of different brain regions in the incubation of cocaine craving
Incubation of cue-induced cocaine seeking begins during the first week of abstinence 10, 11 . Cocaine-induced adaptations in the ventral tegmental area (VTA) have been shown to have a causal role in early phases of incubation (see the figure) . These adaptations include long-term potentiation of excitatory synapses on VTA dopamine neurons 56 and increased glial cell line-derived neurotrophic factor (GDNF) signalling (and perhaps brain-derived neurotrophic factor (BDNF) signalling) 12, 50, 100, 101 . Incubation is also dependent on the loss of an endogenous braking mechanism operating in the nucleus accumbens (NAc) core that occurs during the first month of abstinence; on withdrawal day 1 (WD1), the presentation of a cocaine cue leads to the release of β-endorphin in the NAc core, which suppresses cocaine seeking through the activation of Δ-opioid receptors. By WD30, cue presentation no longer activates this protective mechanism 150 . After 3-4 weeks of withdrawal, activity in the central nucleus of the amygdala (CeA), medial prefrontal cortex (mPFC) and NAc is required for the expression of incubated cue-induced cocaine seeking 27, [31] [32] [33] 53, 54, 89 . The anatomical circuits through which adaptations in 'early regions' lead to adaptations in 'late regions' remain to be determined. It is likely that direct projections from the VTA to the late regions (FIG. 1) play a part in this progression. This is supported by evidence obtained over many decades that psychostimulant-induced adaptations in the VTA enable more persistent adaptations in downstream regions such as the NAc 28 . In addition, the observation that there is altered expression of glutamate receptors in the CeA and basolateral amygdala (BLA) on WD1 (REF. 88 ) suggests that these regions may be involved in early stages of incubation, perhaps helping to trigger subsequent adaptations in the NAc and mPFC that are required for expression of incubation during late withdrawal. The anatomical substrate for this hypothetical transition is unknown. It could depend on pathways connecting the amygdala to the NAc and mPFC, although the CeA -unlike the BLA -does not project directly to the NAc or the mPFC 151 . Alternatively, the progression could occur through direct (CeA) or indirect (BLA) connections with VTA dopamine neurons 152 .
Second-order schedule of reinforcement
A procedure designed to model 'real world' seeking of drugs by humans, which is highly driven by cues and only sporadically results in drug delivery. During the procedure, rats respond to a cocaine-associated cue for a prolonged period to obtain an infusion of cocaine.
Reversible inactivation
An experimental procedure during which drugs that inhibit neuronal activity are infused into a particular brain region of an experimental animal before a behavioural test in order to evaluate the requirement for that brain region in the expression of the behaviour.
of craving) elicited an increase in CP-AMPAR levels in the mPFC-D1R MSN shell and BLA-D2R MSN shell pathways, although the behavioural consequences of the CP-AMPAR plasticity were not tested 19 . Future studies should investigate the BLA-NAc core pathway, as this BLA output is most strongly implicated in cue-induced cocaine seeking 59, 60 .
Coordinated activity of NAc inputs drives incubation.
Summing up, cue-induced cocaine seeking after about 1 month of abstinence is markedly reduced by any one of the following manipulations: reducing CP-AMPAR transmission in the NAc core 27, 31 , weakening the BLA-NAc shell pathway 53 , weakening the PL-NAc core pathway 54 or simultaneous weakening of the IL-D1R MSN shell and VH-D1R MSN shell pathways 55 . This suggests that simultaneous activity in all of these pathways may be required for a high level of cocaine seeking. This can be understood by considering that the brain regions in question participate in a richly interconnected network 59 . It makes sense that coordinated activity across the network is required to sustain strong cocaine seeking. More specifically, it is important to recall that a single MSN often receives convergent glutamate inputs from the BLA, mPFC, hippocampus and other regions, and that activation of more than one input to an MSN increases the probability of action potential firing; in addition, activation of one input often modulates or 'gates' the response to other afferents 61, 62 . On the basis of these considerations, it is logical to expect that the activation of multiple glutamate pathways to an MSN will yield the greatest response. Furthermore, as specific pathways are strengthened or weakened during incubation, the gating mechanisms that tune MSN responsiveness are expected to be disrupted (see REF. 63 for an example after non-contingent drug exposure).
Dorsal striatum
The dorsal striatum is implicated in cue-and context -induced reinstatement after extinction training 6, 60 and in responding for cocaine under a second-order schedule of reinforcement 64 . In initial studies of its role in abstinence models, rats self-administered cocaine under limited-access conditions in the absence of discrete cues; after 2 weeks of forced abstinence, they were returned to the drug self-administration context for cocaine seeking tests. Reversible inactivation of the dorsolateral striatum (DLS), as well as the VTA and substantia nigra, impaired cocaine seeking under these conditions, whereas inactivation of the NAc core, dorsomedial PFC or BLA had no effect 65, 66 . As these studies used a regimen that is not expected to produce incubation of cocaine craving (see REF. 67 for negative results obtained with a similar regimen) and cocaine self-administration was not paired with cues, these results do not contradict evidence summarized above indicating that the NAc core and mPFC are required for the expression of incubated cue-induced cocaine craving. In a subsequent study, the authors trained different groups of rats under limited-and extendedaccess cocaine self-administration regimens and assessed their responses on return to the drug self-administration context on WD1, WD14 and WD60. Inactivation of the DLS decreased cocaine seeking in the tests on all WDs and independently of the cocaine-access conditions, suggesting a general role of the DLS in cocaine seeking after forced abstinence that does not depend on the duration of abstinence 67 . It should be noted that clear incubation of craving was not observed in this study, despite the use of an extended-access reg imen, perhaps because multiple seeking tests in the same animals resulted in competition between extinction of responding and incubation of responding 67 . Interestingly, reversible inactivation of a different portion of the DLS during the first week of abstinence selectively reduced punished cocaine seeking, whereas inactivation of a more ventral region (the midlateral striatum) also reduced un-punished seeking 68 . It is well established that non-selective reversible inactivation and selective pharmacological receptor blockade in a given brain area often lead to different or even opposite results 69 . This may explain the apparent discrepancy between the studies that observed impairment of context --induced cocaine seeking after non-selective reversible inactivation of the DLS [65] [66] [67] and the recent demonstration that infusion of an mGluR5 negative allosteric modulator into the NAc core but not the DLS reduced context --induced cocaine seeking on WD21 from limited-access cocaine self-administration 70 . Interestingly, in DLS tissue harvested on WD21 (without a prior test), mGluR5 surface expression was reduced and mGluR5-mediated LTD was eliminated 70 . In the only study of the dorsal striatum and incubation of methamphetamine craving, blockade of D1R in this brain region decreased incubated cueinduced methamphetamine seeking on WD30 but had no effect on methamphetamine seeking on WD1 (REF. 71 ).
Medial prefrontal cortex
The PFC is crucial for working memory, decision making and behavioural flexibility. Individuals with cocaine addiction show deficits in these behaviours, as well as structural and functional deficits in frontal cortical regions that correlate with compulsive cocaine craving 2 , thus prompting extensive studies of analogous regions in the rodent brain. Most such abstinence-related work has been performed in the mPFC, so here I focus on this region.
The rodent mPFC can be subdivided into the PL, IL and anterior cingulate cortex (ACC) regions. Alternatively, it can be subdivided into the dorsal mPFC (which includes the ACC and dorsal PL) and ventral mPFC (which includes the ventral PL and the IL) 72 . As discussed above, the glutamatergic PL-NAc core pathway promotes incubation, whereas the IL-NAc shell pathway opposes it 54 . Consistent with these findings, an electro physiological study in awake rats found that some neurons in both the IL and PL regions encode cocaine-associated stimuli and cocaine-seeking behaviour on WD1 but that the proportion of PL neurons encoding such inform ation is nearly doubled on WD30, after incubation of craving has occurred 73 . However, another study found that on WD1, a cocaine cue failed to activate either the ventral mPFC or dorsal mPFC, whereas on WD30 the cue activated both regions but produced much stronger activation in the ventral mPFC (extracellular signal-regulated kinase (ERK) phosphorylation was the measure of neuronal activation).
Pavlovian-to-instrumental transfer
(PIT). The ability of a Pavlovian cue previously paired with a positive reinforcer to enhance operant (instrumental) responding for the same reinforcer when presented unexpectedly (independently of the operant response).
Furthermore, reversible inactivation of the ventral mPFC, but not the dorsal mPFC, prevented the expression of incubation on WD30 (REF. 33 ). It is possible that inactivation of the ventral mPFC in this study affected neurons of the PL mPFC that promote incubated craving through their projections to the NAc core. Alternatively, inactivation of the ventral mPFC may have altered activity in a pathway that does not terminate in the NAc but nevertheless influences incubation. Interestingly, inactivation of the ventral mPFC does not prevent expression of incubation of methamphetamine craving 74 . Together, these studies show that some mPFC neurons, including PL mPFC neurons, are more reactive to cues after incubation of cocaine craving. This may be driven in part by enhanced cue-induced glutamate release in the mPFC, as observed during a seeking test on WD30 compared with WD3, combined with a decrease in cue --induced dopamine release 75 . Postsynaptic mechanisms may also contribute. On WD7, protein kinase A (PKA) phosphorylation of GluA1 and cyclic AMP-responsive element-binding protein (CREB) was increased in the dorsal mPFC; intra-mPFC infusion of a PKA inhibitor reversed this effect and decreased cue-induced cocaine seeking 76 . These results suggest that strengthened AMPAR transmission in the mPFC may contribute to incubated cocaine seeking, given that PKA phosphorylation of GluA1 primes AMPAR for synaptic insertion in PFC neurons 77 . Decreased availability and responsivity of serotonin 2C (5-HT 2C ) receptors in the mPFC also enhances cue reactivity and thereby contributes to incubation 78 . Additional plasticity is apparent in the ventral mPFC in response to the presentation of cocaine-related cues. In rats that have undergone incubation of cocaine craving, cue presentation increases the relative amount of phosphorylated PKCε 79 and decreases group I mGluR levels in the ventral mPFC 80 . Both effects contribute to maintaining high levels of cocaine seeking during abstinence, perhaps by impairing extinction of responding to the cue 79, 80 . Cue-induced ERK phosphoryl ation in the ventral mPFC also correlates with expression of incubation of cocaine craving 33 . Although synaptic transmission in the mPFC after forced abstinence has not been studied directly, two studies have recorded mPFC pyramidal neurons shortly after discontinuing long-term (>6 weeks) self-administration training; one study found an increased AMPA/NMDA ratio that may be due to impaired mGluR2 and/or mGluR3 (mGluR2/3)-mediated LTD 81 , and the other observed a decrease in intrinsic excitability (BOX 3) , the magnitude of which was correlated with resistance to punishment-induced suppression of cocaine seeking 82 , a measure of compulsive cocaine seeking
. It will be important to determine how these adaptations evolve during abstinence and to examine other subregions of the PFC that differentially modulate compulsive cocaine seeking in similar animal models 83 .
Amygdala
The amygdala consists of a heterogeneous group of interconnected nuclei that mediate emotional learning, particularly that related to cues that predict fear or reward.
This learning involves activity-dependent recruitment of principal neurons to functional networks that can be segregated according to valence: that is, cells responding to reward cues do not respond to fear cues 84 . The BLA and CeA have been extensively studied in addiction models. The excitatory BLA-NAc projection is necessary for motivated behaviour driven by cues associated with reward 59, 60, 85 and, in humans, these are the two brain regions most strongly activated by drug-associated cues 86 . The CeA, a major output nucleus for amygdala projections to the brain stem and hypothalamus, works with the BLA in some aspects of reward processing, but there are also functional dissociations between these regions 85 .
The CeA, and in particular corticotropin-releasing factor (CRF) transmission within the CeA, is crucial for the aversive state that occurs during drug withdrawal 87 . An initial study found that glutamate receptor levels were increased in both the CeA and BLA after extended-access cocaine self-administration, with more pronounced changes observed in the BLA on WD1 and in the CeA on WD30 (REF. 88 ), suggesting that both subregions may have a role in the early phases of incubation
. Subsequently, it was found that neural activity (inferred from the level of ERK phosphorylation) is increased in the CeA after a cue-induced seeking test on WD30 but not WD1, and pharmacological reduction of ERK phosphorylation in the CeA decreased cocaine seeking on WD30, whereas NMDA infusion into the CeA increased ERK phosphorylation and cocaine seeking on WD1 (REF. 32 ). Furthermore, intra-CeA administration of an mGluR2/3 agonist, which is expected to decrease glutamate release, reduced incubated cocaine seeking on WD21 without affecting drug seeking on WD3 (REF. 89 ). These findings suggest that CeA neurons become more responsive to cocaine cues over the first month of withdrawal and that their activation during a test is required for expression of incubated craving. However, this conclusion is based on the use of ERK phosphorylation as a measure of neuronal activation. Results obtained using a more standard method (reversible inactivation) indicate that the CeA, but not other regions tested, is required for the expression of incubated meth amphetamine craving 74 . This suggests that the CeA may be crucial for a core process that is common to both methamphetamine and cocaine incubation.
Based on evidence that Pavlovian-to-instrumental transfer (PIT) is sensitive to manipulations of the CeA but not of the BLA 90 , paralleling results from studies of incubation 32, 89 (see next paragraph), it is possible that incubation depends on a withdrawal-dependent augmentation of the ability of the CeA to impart motivational potency to psychostimulant cues and thereby increase operant responding 74 . As noted at the beginning of this section, LTP in the amygdala promotes the recruitment of neurons into functional networks that are related to reward responding 84 , and several studies, taken together, have found adaptations during forced abstinence from cocaine self-administration that would be expected to facilitate LTP in the CeA [91] [92] [93] . Facilitated LTP might increase the proportion of CeA neurons that code information about cocaine-related cues and thereby promote incubation of cocaine craving.
More work is required to understand the role of the BLA in the incubation of cocaine craving. As discussed above, weakening of the BLA-NAc shell pathway eliminated the expression of incubation of cocaine craving 53 , and some activation of principal neurons in the BLA during the cue-induced seeking test is required to account for this observation. However, manipulations that decreased cocaine seeking on WD30 when performed in the CeA (that is, inhibition of ERK phosphorylation or administration of an mGluR2/3 agonist) did not affect cocaine seeking when performed in the BLA 32, 89 . Two considerations help to reconcile these observations. First, ERK phosphorylation is not an ideal readout of neuronal activation. Second, stimulation of mGluR2/3 receptors might have less impact if activation of BLA neurons during a seeking test occurs through disinhibition (a mechanism that contributes to the activation of BLA principal neurons in a model of conditioned fear 94 ).
The ventral tegmental area and dopamine Although all of the major neuromodulatory transmitters -dopamine, serotonin and noradrenaline -probably contribute to cocaine craving during abstinence, the focus of this Review is on synaptic plasticity and, from this perspective, dopamine is the most well studied.
Plasticity in the VTA during abstinence. Dopaminergic projections originating in the VTA are crucial for reward-learning mechanisms and are a major target of drugs of abuse. One of the earliest responses to cocaine, and other addictive drugs, is the rapid induction of NMDAR-dependent LTP at excitatory synapses on VTA dopamine neurons, mediated by synaptic insertion of CP-AMPARs 28, 95, 96 . The functional importance of this LTP has been studied mainly in the behavioural sensitization model 28 . However, in mice in which the gene for NR1 (also known as NMDA1, an obligatory subunit of NMDARs) is deleted in dopamine neurons during adulthood, cocaine self-administration fails to produce the robust cocaine seeking or increased NAc CP-AMPAR levels observed on WD35-WD37 in wild-type mice, which suggests that VTA plasticity enables incubation of craving 56 
. This finding adds to extensive literature showing that NMDAR-dependent plasticity in the VTA is required for persistent cocaine-induced adaptations in downstream regions 28 . Conversely, mGluR1 transmission exerts an inhibitory influence on CP-AMPAR levels in VTA synapses, thereby limiting cocaine-induced synaptic potentiation 37, 56, 97, 98 . This relationship between mGluR1 and CP-AMPARs extends to other brain regions 38 , including the NAc 31, 39 (see Supplementary information S1 (box) for more detail about mGluR1 in the VTA and the NAc).
Notably, cocaine-induced LTP in the VTA lasts only a few days after single or repeated non-contingent cocaine injections, but persists for at least 3 months after cocaine self-administration 56, 99 . This suggests that, during prolonged abstinence, animals that have self-administered cocaine remain in a state in which activation of dopamine pathways (for example, by cues that predict cocaine) will be stronger than normal, perhaps promoting plasticity in dopaminergic projection areas 28 .
In addition to plasticity of dopamine transmission, activity of endogenous glial cell line-derived neurotrophic factor (GDNF) in the VTA during the first 2 weeks of cocaine withdrawal is essential for the incubation of cocaine craving, and cocaine seeking in early withdrawal can be enhanced by delivery of exogenous GDNF to the VTA 100
. Delivery of exogenous BDNF into the VTA also potentiates cue-induced cocaine seeking during the first month of withdrawal 101 -an effect that may be linked to the ability of BDNF to enhance susceptibility to LTP induction in VTA dopamine neurons 102 ; however, a role for endogenous BDNF in the VTA in the incubation of craving has not been tested.
Dopamine transmission in the NAc during incubation.
Relatively little is known about the role of dopamine in cue-induced cocaine seeking after drug self-administration and forced abstinence, but it would be of interest to determine how adaptations in dopaminergic and glutamatergic transmission converge to regulate the responsiveness of NAc MSNs and thereby influence cocaine seeking. There is evidence that cocaine cues increase dopamine release and thereby facilitate craving; however, there is also evidence that negative affective states associated with decreased tonic dopamine transmission and increased excitation of NAc neurons can facilitate drug seeking [103] [104] [105] , and that these negative affective states may be linked to incubation of craving. For example, pairing saccharin, a substance that is usually rewarding, with a delay in cocaine self-administration renders saccharin aversive to rats, and the magnitude of this reward devaluation intensifies with incubation of cocaine craving 104, 106 . These findings may be related to the emergence of a negative affective state in human cocaine users that is thought to contribute to craving and relapse 87 . Interestingly, as rats become more responsive to cocaine cues following abstinence from cocaine self --administration 11 , the relationship between NAc dopamine transmission and subsequent cue-reward learning is disrupted 107 . These findings emphasize that relationships between neurotransmission and behaviour that have been elucidated in naive animals or during drug-taking cannot necessarily be extrapolated to the abstinent state.
Abstinence alters dopamine receptors in striatal areas. Positron emission tomography (PET) imaging studies in humans who abuse cocaine have found reduced D2R levels in many striatal regions, including the NAc. The reductions in D2R levels are evident in early withdrawal as well as after 3-4 months of detoxification, and they correlate with decreased frontal cortical metabolism, which also persists into abstinence 108 . These changes are proposed to contribute to compulsive drug seeking and greater salience of drug reward compared with non-drug rewards 108 . A decrease in striatal D2R levels that persists into withdrawal has also been found in rhesus monkeys with extensive experience of cocaine self-administration 109, 110 . Because monkeys can be studied before and after drug exposure, unlike humans, this work has confirmed evidence in humans that low D2R availability makes an individual more vulnerable to the reinforcing properties of cocaine, but that continued exposure to cocaine further decreases D2R levels 111 . Reductions in striatal D2R levels that persist into abstinence have also been found in rats. For example, in NAc tissue from the same rats used to demonstrate increased CP-AMPARs after incubation of cocaine craving, we found decreased D2R surface expression in the shell on both WD1 and WD45 and in the core on WD45 (REF. 112 ). In rats, as in humans and primates, there is an association between low D2R levels and high impulsivity, a trait that is both a risk factor for, and a consequence of, drug abuse 113, 114 . The role of the D3R in rat models of cocaine addiction has been studied extensively, and on the basis of this work, the D3R has been proposed as a therapeutic target 115 . Several studies have shown that the D3R is upregulated in the NAc during abstinence (for example, see REF. 112) and that this upregulation is linked to increased motivation for cocaine 116 . Consistent with these results, infusion of a selective D3R antagonist into the NAc (or the CeA, but not the dorsal striatum or the BLA) markedly decreased incubated context-induced cocaine seeking; other results, however, showed that this D3R antagonist, given systemically, suppressed cocaine seeking before incubation as well as after incubation 117 . Studies in both rats and monkeys have found transient increases in D1R expression in the NAc, particularly in the shell, after discontinuing cocaine self-administration (for example, see REFS 110, 112, 118) , although different results are found depending on the cocaine regimen 119 .
Strategies that may prolong abstinence Studies of abstinence-related plasticity in rodents have identified potential therapeutic strategies for prolonging abstinence. Most of these are pharma cological approaches, although behavioural interventions may also hold promise (BOX 5) . One pharma cological approach is to decrease glutamate transmission by stimulating presynaptic mGluR2/3 receptors. For example, in rats, systemic or CeA injections of an mGluR2/3 agonist reduced incubated cue-induced cocaine seeking after 21 days but not after 1 day of forced abstinence 89 , and similar results were reported recently for incubation of methamphetamine seeking during voluntary abstinence 120 
. Importantly, in a subset of rats that developed behavioural changes resembling human addiction after long-term cocaine self-administration 121 , systemic delivery of an mGluR2/3 agonist on WD30 also reduced cue-induced cocaine seeking 122 . Other work supports the potential utility of mGluR1 positive allosteric modulators (PAMs), which reduce CP-AMPAR levels in the NAc of incubated rats and thereby reduce cue-induced cocaine craving 31, 39 (FIG. 2) while opposing cocaine action in the VTA 56, 97, 98 . Although incubation and CP-AMPAR levels recover within days of discontinuing mGluR1 PAM administration 31 , these drugs could nevertheless provide abstinent cocaine users with temporary protection against relapse. Their utility may extend to methamphetamine addiction, as mGluR1 PAMs remove CP-AMPARs that accumulate in the NAc core after methamphetamine withdrawal and reduce incubated methamphetamine craving 123 .
As reviewed recently 115 , although 5-HT 1B receptor activation during stable self-administration in rats increases cocaine intake and motivation for cocaine through actions in the NAc shell, the same treatment decreases motivation for cocaine and cocaine seeking after 21 days of abstinence, as well as after extinction training. Thus, 5-HT 1B receptor agonists might help abstinent users to avoid relapse. 5-HT 2C receptor agonists and 5-HT 2A receptor antagonists may also be useful in this regard, and it is particularly interesting that both receptors also regulate impulsivity (which is a crucial factor in the propensity to relapse) as well as cocaine seeking 124 . For example, rats showing high impulsivity also exhibit greater cueinduced cocaine seeking during abstinence, and both of these measures are inversely related to the level of 5-HT 2C receptor function in the mPFC 125 . Indeed, a decrease in membrane levels of the 5-HT 2C receptor in the mPFC may contribute to incubation of craving, and may also explain the decreased ability of 5-HT 2C receptor agonists to reduce cocaine seeking after prolonged abstinence 78 . Other work, reviewed here and elsewhere 115 , suggests that D3R antagonists may reverse a withdrawal-dependent increase in motivation for cocaine mediated by upregulation of D3Rs in the NAc. Furthermore, although behavioural
Box 5 | Behavioural interventions that may reduce cocaine craving during abstinence
Recent studies have explored non-pharmacological strategies for decreasing cocaine craving during abstinence. Stress is known to contribute to drug craving and relapse in animal models of addiction and in recovering drug users 153, 154 . Two rodent studies have evaluated the ability of environmental enrichment (EE) to reduce a potential stress-like state during withdrawal and thereby reduce incubation of cocaine craving. In a comparison of rats that were singly housed or maintained in EE conditions during 21 withdrawal days, it was found that EE depressed seeking in early and late withdrawal, but did not abolish incubation 155 . Different results were found using a more robust regimen and longer withdrawal period, which may provide a stronger 'incubation signal' (REF. 156) . By switching rats between EE and normal housing during abstinence, this study found that EE prevented the development of incubation and suppressed established incubation. However, when EE was discontinued, incubation recovered rapidly. Similarly, repeated restraint stress in early withdrawal accelerated incubation of cocaine craving, but incubation ultimately plateaued at the same level in stressed and control rats 157 . Together, these results suggest that stress or EE during withdrawal serve as accelerators or brakes on incubation, respectively, but do not perturb the underlying mechanisms that drive it. However, this does not detract from the potential therapeutic utility of EE during those periods of withdrawal when individuals with drug addiction are most vulnerable to relapse. Sleep-based therapeutic interventions may also be useful in prolonging abstinence. A recent study demonstrated that normalizing cocaine-induced sleep disruptions attenuates incubation of cocaine craving and accumulation of Ca 2+ -permeable AMPA receptors in the nucleus accumbens shell 158 .
correlates were not examined, stimulating D1Rs in the NAc shell reversed alterations in excitatory transmission observed during abstinence from limited-access cocaine self-administration 126 .
Summary
Cocaine self-administration experiments in rodents have identified several brain regions and mechanisms that underlie the persistence of cocaine craving after prolonged abstinence. Most such studies have focused on the incubation of cue-induced cocaine craving during forced abstinence. Early adaptations in the VTA, and perhaps the amygdala, are necessary for the onset of incubation. After 3-4 weeks of forced abstinence, activation of a network including the NAc, mPFC and CeA is required for the expression of incubation. Related to this, neurons in these three regions undergo adaptations that render them more reactive to cocaine cues. This is notable because the ability of cocaine cues to activate similar regions of the human brain, as assessed in neuroimaging studies of humans that use cocaine, is associated with addiction severity and risk of relapse 127 . The underlying cellular mechanisms of heightened cue reactivity in rodents during abstinence from cocaine have been most thoroughly explored in the NAc, where excitatory transmission on to MSNs is strengthened through changes in AMPAR subunit composition and silent synapse-based remodelling. Similar studies of synaptic transmission in the mPFC, CeA, BLA and VH during prolonged abstinence are needed (see, for example, see REF. 128 ), as are studies relating changes in synaptic transmission to underlying molecular mechanisms and to structural plasticity. The role of epigenetic mechanisms in the incubation of craving represents another important frontier 71, 129, 130 (see Supplementary information S4 (box)). A particularly challenging problem is to understand the anatomical circuitry through which early neuroadaptations (for example, in the VTA) enable later adaptations (for example, in the NAc, mPFC and CeA). Incorporating the dorsal striatum into this network is another important goal. Although it seems likely that the neuroadaptations underlying cocaine incubation will be similar regardless of whether abstinence is forced, punishment-induced or voluntary, this remains to be explored. The links between abstinence and impulsivity 13, 125 or compulsivity 14 also deserve more attention. Although much remains to be learned, work performed using abstinence models has already identified some strategies to reduce craving and prolong abstinence. Studies of persistent cocaine craving also have broader implications for plasticity mechanisms. The best-studied forms of synaptic plasticity occur in response to brief changes in synaptic activity (seconds to minutes for LTP or LTD, and 1-2 days for synaptic scaling), and thus cannot fully account for the slowly developing plasticity that occurs over weeks to months of drug exposure and abstinence. Through the investigation of plasticity in abstinence models, we will advance our understanding of the rich repertoire of experience --dependent plasticity mechanisms that can be engaged in the adult brain.
